The Condon locus for a diatomic molecule is the locus, in the ( ', ") v v plane, of the strongest bands in an electronic band system. The form of the locus depends upon the form of the potential energy function of the electronic states involved. We show how the locus depends on the potential energy function for simple harmonic and anharmonic oscillators, first from a classical point of view, and then from a quantum mechanical point of view. One phenomenon of interest is that, in the case of anharmonic oscillators, the upper branch of the Condon locus traces much stronger bands than the lower branch. Another phenomenon, predicted by quantum mechanics but not by classical mechanics, is the existence of secondary nested Condon loci.
Introduction
In this paper, we examine the form of the Condon locus at four levels of sophistication:
1) Simple harmonic oscillations, classical treatment.
2) Anharmonic oscillations, classical treatment.
3) Simple harmonic oscillations, wave mechanical treatment. Illustrating two transitions between the vibrational levels of two electronic states that are likely to be strong. They take place between conditions of greatest extension or compression, which is where the vibrational motion is slowest.
In addition to the accounts by Condon and Herzberg cited above, one of the most illuminating papers on this topic of which I am aware is that of Nicholls [4] , and there will be some inevitable overlap between that paper and this. However, I have not seen it treated systematically and quantitatively with quite the approach that I am adopting here. Nicholls described the phenomenon of nested Condon loci, which are not predicted classically but which are a result of the wave-mechanical nature of the molecular system.
Simple Harmonic Oscillations, Classical Treatment
In the simple harmonic treatment, the potential energy V as a function of internuclear separation r is given by an equation of the form ( ) ) to wavenumbers. Thus Equation (1) would customarily be written as ( )
. 2
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Here e T is the electronic contribution to the potential energy. The second term on the right hand side is the elastic contribution (of the vibrating molecule) to the potential energy, r is the internuclear distance, and r e is its equilibrium value. The symbol k is the force constant, related to the molecular vibrational constant ω e by 
where m is the "reduced mass" Mathematically the problem is to draw a horizontal line to intersect the upper curve of Figure 1 ; then drop vertical lines from the two points of intersection; and find the two places where these vertical lines intersect the lower curve. This will result in a relation for the strongest Franck-Condon factors in the form of an equation relating the term values T ′ in the upper electronic state to the term values T ′′ in the lower electronic state.
This relation can then be transferred to the ( )
The derivation and other details of the analysis are given in Hefferlin et al. [5] and are not repeated here. Suffice it to say that the Condon locus in the ( )
plane is a parabola whose equation in a form that is convenient to compute can be written in the form
In this equation I make use of a quantity π L mc = (6) having the dimensions of a length. This is merely to avoid having to repeat 
The properties of the Condon parabola can be traced using any good text on the conic sections (I used my trusty Loney [6] 
The parabola is tangent to the lines 1 2
If the equilibrium internuclear separations in the two electronic states are equal, the parabola degenerates into a straight line. A wide Condon parabola indicates that the internuclear separations in the two electronic states are rather different. I show, in Table 1 and Figure 2 , two examples, in one of which, CN In the classical model, a simple harmonic oscillator is most likely to be found, at some instant of time, at one of the extrema of its motion. The probability that its distance ξ from its equilibrium position will be between ξ and ξ + dξ is proportional to the reciprocal of its speed (by which I mean d d r t rather than the speed of one of the atoms), which I shall call its "slowness", s. The time spent in traversing a distance dξ is sdξ. Indeed the probability that the position of the system will, at some instant of time, be in the interval dξ is 2 d
Here P is the period of the motion, and ω (not to be confused with the vibrational constant ω e ) is 2π/P. The factor 2 on the left hand side of the equation arises because the displacement from equilibrium passes through ξ twice per period. And, since the speed in simple harmonic motion of amplitude a is 2 2 a ω ξ − , the probability dΦ , at some instant, that the displacement will be between ξ and ξ + dξ is 
Anharmonic Oscillations, Classical Treatment
The vibration of a real molecule will not be simple harmonic, and the curve representing its potential energy as a function of internuclear distance will not be a parabola. For small internuclear distances, when the molecule is compressed, there will be a strong Coulomb repulsion between the nuclei, so the potential energy curve there is steep and negative. For large internuclear distances, the molecule will tend to dissociate, so the potential energy curve asymptotically approaches a dissociation limit. Qualitatively the potential energy function would be expected to look somewhat similar to one of the curves shown in Figure 4. (The small difference between these curves will be described later, following Equation (15)).
The same principles apply in forming the Condon locus as in the simple harmonic case, except that the Condon locus will no longer be a parabola. Transitions are most likely to take place near the stationary points (greatest extension or compression) of the vibration as before. However, if one were to imagine a particle sliding without friction to and fro in one of the potential wells of Figure   4 , it is easy to conclude that the particle will spend more time at large r than at Figure 3 . Showing that, at any instant of time during a vibration, a molecule is most likely to be at greatest extension or compression, when it is moving at its slowest, and least likely to be at its equilibrium nuclear separation, when it is moving most rapidly. small r. That means that transitions are more likely to occur when the molecule is at greatest extension than at greatest compression. This leads to the conclusion, by qualitative argument alone and without any numerical calculation, that the upper branch of the Condon locus traces much stronger bands than the lower branch. We shall see later that the wavemechanical treatment leads to the same conclusion.
Various attempts can be made to devise empirical equations that mimic the expected qualitative potential curve. Two of them are the Morse potential [7] and the Lennard-Jones potential [8] .
The Morse potential is 
In Figure 4 , the dashed line is a Lennard-Jones potential with m = 12 and n = 6, while the continuous line is a Morse potential with a = 0.1772. Some slightly tedious algebra will show that the Morse and Lennard-Jones potentials (with m = 12 and n = 6) will have the same full widths at half minimum (FWHm) for ( ) ( ) ( ) 
which is the reason why I chose that value for the Morse parameter in preparing 
with no higher powers of 
The fundamental frequency is
and the following relations are also of interest:
e e e h x c D c
For large a (small force constant), the graph of the potential energy versus r − r e has a wide and shallow minimum. For small a, the graph of the potential energy versus r − r e has a sharp and steep minimum. Figure 5 shows a Morse curve with its energy levels.
In Figure 5 , ξ is e r r − in units of a, and, for reference, the energies of the v th levels and the limits of the motion are given in Table 2 .
The Condon locus resulting from transitions between two electronic states whose potential energies are given by Morse functions can be found by the same Figure 5 . A Morse potential function and its vibrational energy levels, which bunch up closely towards the dissociation limit. procedure as for simple harmonic functions, as described following Equation (3) in Section Table 3 Table 3 . Since a picture is worth a thousand words, I leave it to the reader to discern the trends that arise from various choices of the anharmonicity constants.
As in the simple harmonic case, the probability that the position of the system will, at some instant of time, be in the interval dξ is 2 d s P ξ , where s is the slowness and P is the period, though determining this quantity is slightly less easy that in the simple harmonic case. For illustrative purposes I shall consider a Morse potential of the form given by Equation (11) and I shall determine expressions for the period P of the motion and the slowness s as a function of ξ. Figure 6 . The dashed curves show the Condon parabola for the simple harmonic approximation. The full curves show the effect of anharmonicity upon the Condon locus (no longer a parabola). The anharmonicity constants used are shown in Table 3 . As explained in the text, in the anharmonic case the upper arm of the locus is much stronger than the lower arm. Journal of Modern Physics Table 3 . Anharmonicity constants used for the calculations of Figure 6 . 
(25) Table 4 shows, for the first eight vibrational levels, the time P 1 , in units of e a m D , during which the molecule is compressed; the time P 2 during which it is extended; the total period P; and the ratio P 2 /P 1 . It will be seen that this ratio increases with vibrational quantum number. This means that our prediction that the upper arm of the Condon locus delineates stronger Franck-Condon factors than the lower arm is more pronounced at larger quantum numbers, and less pronounced at lower quantum numbers.
The speed (i. , and the slowness s is the reciprocal of this. The probability density 2s/P is shown in Figure 7 as a function of ξ for the ν = 7 level. The area under the curve is unity. Table 4 and Figure 7 show that the molecule spends more time in extension ( ) Showing that, at any instant of time during an anharmonic vibration, a molecule is more likely to be extended than compressed, with consequences to the Condon loci that are illustrated in Figure 6 . 
Simple Harmonic Oscillations, Wave Mechanical Treatment
In the wave mechanical model, the probability density, denoted by the symbol the most likely condition of the molecule is not at an extremum of the potential well, but it will most likely be at its equilibrium position, which will surprise no one.
It is evident that, in order to calculate the Condon loci, we need to know the positions of the maxima of these wavefunctions. These are given in Table 5 . 
Anharmonic Oscillations, Wave Mechanical Treatment
The Morse potential is given by Equation (11). When this is inserted into the Schrödinger equation, it is well known that the eigenvalues (energy levels) can be written as a series in 1 2 + v containing no powers higher than the second.
The energy levels are given by Figure 12 . The full curve shows the Condon parabola calculated on the classical model for simple harmonic oscillations. The dashed curves show the principal and the secondary Condon loci from wavemechanical calculations. 
from which we see that 
where b (dimensionless) is I also introduce, for convenience, some more quantities as follows: 
where the L are the Laguerre polynomials, generated by
Of these quantities, Ê has dimensions of energy, while the others are dimensionless.
The wavefunctions for the Morse potential are then given by Journal of Modern Physics Table 7 .
The dots in Figure 16 indicate the positions of the maxima of the squares of the wavefunctions. These dots give the most probable extension or compression Table 7 . Molecular constants used for the calculation of Figure 16 . In Figure 17 I show the principal Condon locus as a dashed curve. The full curve shows the "classical" locus for Morse (anharmonic) potential functions-i.e. the locus calculated on the assumption that the most likely internuclear separation at any given instant is that of full compression or full extension, rather than at the maxima of the eigenfunctions.
I have not shown any secondary loci, because the possibilities are almost endless, quantum numbers of the strong and weak bands being almost random. Strong bands occur wherever the internuclear separation corresponding to a maximum in the eigenfunction in the upper state corresponds with a maximum in the lower state at the same internuclear separation. In terms of Figure 16 , and expressed more simply, there is a strong band wherever a dot in the upper part of Figure 16 is vertically above a dot in the lower part.
It will be understood from this that small differences in the shapes and positions of the potential curves (i.e. in the equilibrium internuclear distances and the vibrational constants) will result in differences in the positions of the dots and hence in the designations of the bands that are likely to be strong or weak. It will also be understood that if the two potential curves are quite similar, secondary and tertiary Condon loci will be much more likely. Indeed, it could be advanced that, if a secondary Condon locus is very evident, it is likely that the internuclear separations of the two electronic states are not very different. Unfortunately in that case the entire electronic band system is likely to be weak because of the small difference in electric dipole moments of the two electronic states, and also, as noted in Section 2, the Condon locus is likely to be narrow and the strongest bands are those in which ∆v is small.
Comparison with Observation
The thrust of this paper has been primarily theoretical. However, calculations of the predicted Condon loci, including in the simple harmonic case the latera recta of the Condon parabolas and the inclinations of their axes, have been carried out for 47 electronic band systems and compared with observations. The results for these are given in Hefferlin et al. [5] .
